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ABSTRACT
We present a detailed analysis of new ALMA observations of the disk around the T-Tauri star
HD 143006, which at 46 mas (7.6 au) resolution reveal new substructures in the 1.25 mm continuum
emission. The disk resolves into a series of concentric rings and gaps together with a bright arc exterior
to the rings that resembles hydrodynamics simulations of a vortex, and a bridge-like feature connecting
the two innermost rings. Although our 12CO observations at similar spatial resolution do not show
obvious substructure, they reveal an inner disk depleted of CO emission. From the continuum emission
and the CO velocity field we find that the innermost ring has a higher inclination than the outermost
rings and the arc. This is evidence for either a small (∼ 8◦) or moderate (∼ 41◦) misalignment between
the inner and outer disk, depending on the specific orientation of the near/far sides of the inner/outer
disk. We compare the observed substructures in the ALMA observations with recent scattered light
data from VLT/SPHERE of this object. In particular, the location of narrow shadow lanes in the
SPHERE image combined with pressure scale height estimates, favor a large misalignment of about
41◦. We discuss our findings in the context of a dust-trapping vortex, planet-carved gaps, and a
misaligned inner disk due to the presence of an inclined companion to HD 143006.
Keywords: ALMA — protoplanetary disks
1. INTRODUCTION
High resolution observations of protoplanetary disks
have shown that most, if not all, disks host substructures
in the form of spiral arms, rings, or azimuthally asym-
Corresponding author: L. Pe´rez
lperez@das.uchile.cl
metric features. These features are imprints of the pro-
cesses of disk evolution and planet formation, and can be
observed from optical (in scattered light, e.g. Avenhaus
et al. 2018) to millimeter wavelengths (e.g. Huang et al.
2018a,b). In the dust continuum, the most common sub-
structures are multiple bright rings and dark gaps, pos-
sibly tracing over-densities and depletion of dust grains,
respectively. Rings and gaps are a natural outcome of
dynamical interactions with planets (e.g., Paardekooper
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& Mellema 2004; Crida & Morbidelli 2007; Zhu et al.
2011), but could also be tracing ice lines (e.g., Zhang
et al. 2015; Okuzumi et al. 2016), or be a result of cer-
tain magneto-hydrodynamical processes (e.g., Johansen
et al. 2009; Dittrich et al. 2013; Bai & Stone 2014; Si-
mon & Armitage 2014; Be´thune et al. 2017; Suriano et
al. 2018).
These substructures could play a very important role
in the process of planet formation, and in particular, in
the first steps towards the growth of planetesimals. Al-
ternatively, substructures may exhibit what is the out-
come of planet-disk interaction, and serve as an impor-
tant diagnostics of ongoing planet formation. Since dust
particles experience aerodynamic drag from the gas, in
a smooth disk they would rapidly lose angular momen-
tum and drift towards the star before they can grow to
the planetesimal size (Brauer et al. 2007; Birnstiel et
al. 2010). However, dust grains can be maintained in
localized particle traps (pressure maxima) which allow
them to efficiently grow (Pinilla et al. 2012b). Obser-
vationally, these traps appear as a suite of bright and
dark rings in the dust continuum (Pinilla et al. 2012a),
reminiscent of continuum observations of multiple ringed
systems (e.g., ALMA Partnership et al. 2015). In ad-
dition to concentric rings, azimuthal asymmetries have
also been observed, in particular in protoplanetary disks
with dust-depleted large cavities (transition disks; e.g.,
Casassus et al. 2013; Isella et al. 2013; Dong et al. 2018).
They are interpreted as azimuthal dust trapping (Birn-
stiel et al. 2013; Lyra & Lin 2013), possibly in a vortex
due to the Rossby wave instability (e.g., Li et al. 2000;
Meheut et al. 2012; Zhu & Stone 2014). Such an insta-
bility can be generated at the edge of a gap created by
a massive planet (e.g., Rega´ly et al. 2012; Ataiee et al.
2013; Zhu & Baruteau 2016), or at the edge of a dead
zone (e.g., Kretke, & Lin 2007; Flock et al. 2017).
Planet-disk interactions can also leave imprints on the
disk gas kinematics (Perez et al. 2015) and observations
of CO isotopologues have revealed non Keplerian ve-
locities in various disks. Recently, Pinte et al. (2018)
found a local deformation of the CO disk velocity field
of the intermediate-mass young star HD 163296, consis-
tent with the spiral wave induced by a 2 MJup planet
located at 260 au. Teague et al. (2018) measured, in the
same disk, local pressure gradients consistent with gaps
carved by a 1 MJup planet at 83 au and 137 au. Other
observations of non-Keplerian velocities were explained
by the presence of radial flows (Rosenfeld et al. 2014),
of a warp (Rosenfeld et al. 2012; Casassus et al. 2015;
Walsh et al. 2017) or of free-falling gas connecting a
strongly misaligned inner disk to the outer disk (Loomis
et al. 2017). A misalignment between the inner and
outer disk could be induced by a massive companion on
an inclined orbit with respect to the plane of the disk
(e.g. Bitsch et al. 2013; Owen, & Lai 2017), or alterna-
tively, by a misaligned stellar magnetic field (Bouvier
et al. 2007) in which case the star should be periodi-
cally obscured (periodic dippers, see e.g., Cody et al.
2014). In the presence of a strongly misaligned inner
disk, the outer disk illumination is drastically affected,
as evidenced by shadows observed in scattered light im-
ages that trace the surface of the disk (e.g. Marino et
al. 2015; Benisty et al. 2017, 2018; Casassus et al. 2018;
Pinilla et al. 2018).
The focus of this paper is the T Tauri star HD 143006,
a G-type star (1.8+0.2−0.3 M, 4-12 Myr old, Preibisch et al.
2002; Pecaut et al. 2012; Garufi et al. 2018; Andrews et
al. 2018), located in Upper Sco at a distance of 165±5 pc
(Gaia Collaboration et al. 2018). Sub-millimeter contin-
uum observations of the disk at moderate spatial resolu-
tion revealed an azimuthal asymmetry and a marginally-
resolved cavity (Barenfeld et al. 2016), although it is
not classified as a transition disk from its spectral en-
ergy distribution. A strong near-infrared excess and
typical mass accretion rate (∼ 2× 10−8M yr−1; Rigli-
aco et al. 2015) indicate that the innermost regions re-
tain dust and gas. Recent scattered light observations
of HD 143006 show multiple brightness asymmetries: a
shadow over half of the disk (the West side) and two
additional narrow shadow lanes, both suggestive of a
moderately-misaligned inner disk (Benisty et al. 2018,
and §4.2).
In the following, we present new observations of
HD 143006 obtained with ALMA as part of DSHARP
in §2, we then present a characterization of its sub-
structures in §3, that we further discuss in §4, and the
conclusions of our work in §5.
2. OBSERVATIONS
Dust continuum emission at 1.25 mm and 12CO emis-
sion in the J = 2 − 1 transition were observed with
long and short baselines in the ALMA Large Program
2016.1.00484.L. Additional short baselines observations
(from project 2015.1.00964.S, P.I. O¨berg) in the same
dust and gas tracers were combined to increase uv-
coverage on the short-spacings. Details on the cali-
bration of visibilities can be found in Andrews et al.
(2018). Observations were centered to R.A. (J2000) =
15h 58m 36.90s, Dec (J2000) = −22d 57m 15.603s, which
are the coordinates of the phase center of the last execu-
tion of the long baseline observations. The continuum
images presented here used the same imaging parame-
ters as listed in Table 4 of Andrews et al. (2018), while
the CO images were obtained using a robust parame-
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Figure 1. Left: ALMA observations at 1.25 mm of the dust continuum emission from the disk around the young star HD 143006.
Right: panels show a zoom to (a) the inner disk within 0.32′′, and (b) the arc substructure within 0.25′′. In panel (a), the
contours start at 3, 4, 5σ, then are spaced by 5σ, while in panel (b) contours start and are spaced by 5σ, where σ is the RMS
noise of the image (σ = 14.3 µJy beam−1). Ellipses on the bottom-left corner of each panel indicate the beam size of 46 × 45
mas (7.6× 7.4 au).
ter of 0.8 with a uv-tapering of 20 mas, which was ap-
plied to the CO visibilities to enhance extended emission
from the disk. The RMS noise in the continuum image
is 14.3µJy beam−1 for a 46 × 45 mas beam with posi-
tion angle (PA) of 52.1◦. In the CO spectral cube we
measure an RMS noise of 1.04 mJy beam−1 km s−1, for a
beam size of 66×49 mas, PA of 83.6◦, and channel width
of 0.32 km s−1. The continuum map is presented in Fig-
ure 1, and the full set of CO channel maps in Figure 5.9
of Andrews et al. (2018).
3. RESULTS
3.1. Dust Continuum Emission
The continuum emission from HD 143006, presented
in Figure 1, is observed close to face-on: the disk re-
solves into an inner depleted region, three bright rings
at roughly 0.05′′ (8 au), 0.24′′ (40 au), 0.39′′ (64 au) from
the disk center, two dark annuli at roughly 0.13′′ (22 au)
and 0.31′′ (51 au), and a bright south-east asymmet-
ric feature just outside of the outermost ring at 0.45′′
(74 au) from the disk center. This prominent arc is lo-
cated at a position angle (PA, defined from North toward
East) of ∼ 140◦ and has an azimuthal extent of ∼ 30◦.
From now on, we follow the convention of Huang et al.
(2018a) and label the dark/bright annular features with
a letter “D”/“B” followed by their radial location in au.
Then, the innermost bright ring is labeled B8, the sec-
ond bright ring as B40 and the outermost bright ring as
B64. The dark annuli between B8 and B40, and between
B40 and B64 are labeled D22 and D51, respectively.
The radial profile of the continuum emission presented
in Huang et al. (2018a) indicates that B8 and B40 have
a contrast of ∼ 42 and ∼ 24 with respect to the D22;
these are one of the highest contrast ring-features of the
DSHARP sample. However, these rings are not com-
pletely smooth: B8 has two peaks along a PA of ∼ 165◦
(see panel (a) on Fig.1), but this is due to its inclination
w.r.t. our line of sight (see §3.4). The outermost rings,
B40 and B64, both peak close to a PA of 180◦ (better
seen in the residual maps of §3.4). The bright asymmet-
ric feature outside of B64 (see panel (b) on Fig.1) is also
uneven in the azimuthal direction: the arc resolves into
three peaks along its azimuthal extent. The brightest
peak at the center of the arc has a signal-to-noise ra-
tio (SNR) of 48, while the flanking peaks have a SNR
of 44 and are separated by ∼ 10 au (60 mas) from the
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Figure 2. ALMA observations of the 12CO(J = 2−1) line from the disk around the young star HD 143006. Note that the field
of view is 2′′ × 2′′, larger than in Figure 1. Left panel: map of the integrated intensity of the CO line, right panel: map of the
intensity-weighted velocity of the CO line. Insets on each panel show a zoom to the inner disk region within 0.25′′. The global
PA of the disk, as constrained by the best-fit model in §3.3 to be 167◦, is indicated by dashed lines. Ellipses on the bottom-left
corner of each panel indicate beam size of 66× 49 mas (10.9× 8.1 au).
brightest peak of the arc. Finally, the dark annuli are
not completely empty, in particular, inside D22 there is
a bridge-like emission feature, with a SNR of 4.9σ, con-
necting the B8 and B40 rings (see emission between the
rings at a PA of ∼ 300◦ in panel (a) of Figure 1).
3.2. Gas emission traced by CO
The overall emission from the gaseous component of
the HD 143006 disk, as traced by the CO line, is pre-
sented in the middle and right panels of Figure 2 and
extends out to ∼ 1′′ in radius, twice larger in radial ex-
tent than the dust continuum emission. CO emission is
detected above 3σ from −0.12 km s−1 to 15.2 km s−1
in the LSRK reference frame, with a systemic velocity
of ∼ 7.7 km s−1. The integrated intensity of CO, also
known as moment 0 map (left panel, Figure 2) is not
centrally peaked. Since the continuum emission appears
to be optically thin (τ < 0.2, Huang et al. 2018a), the
lack of CO emission in the inner disk cannot be fully ex-
plained by continuum subtraction of optically-thick dust
emission, and rather indicates that some gas depletion
occurs in the inner disk.
The intensity-weighted velocity of CO, also known as
moment 1 map (right panel, Figure 2), shows a clear
rotation pattern for a nearly face-on disk with a PA of
∼ 165◦ (note that the moment 0 map has two maxima
along a similar PA). However, the disk rotation is not
perfectly described by a single geometry, as can be seen
on the inset of Figure 2, right panel, where the velocity
field in the inner disk appears different from the outer
disk. This difference will be quantified in the next sec-
tions.
Given the low inclination of this system and the low
SNR of the spectral cube (peak SNR of ∼ 11), the
front and back sides of the CO emitting layers are not
clearly separated, a feature observed in other disks with
higher line-of-sight inclinations (e.g., Rosenfeld et al.
2013; Isella et al. 2018). Nevertheless, of the two possi-
bilities for the absolute disk geometry, we suggest that
the West side of the disk is the one closest to us: at
every channel, the West side of the disk appears shorter
when projected onto the rotation axis of the disk than
the East side (see Figure 5.9 in Andrews et al. 2018)
Finally, a close inspection of the channel maps re-
vealed that redshifted emission close to the systemic
velocity has a deviation or “kink” from the Keplerian
iso-velocity curves that is not present in the blue-shifted
channels. This kink is marked by an arrow on the bot-
tom panels (redshifted channels) of Figure 7 (see Ap-
pendix) and appears at a PA of between ∼ 80◦ − 120◦.
3.3. Modeling CO kinematics
We model the Keplerian velocity field in HD 143006
using an analytical model of a razor-thin disk in Keple-
rian motion around a 1.8 M star, in order to constrain
the global geometry of the disk. The model parame-
ters are the inclination (i), position angle (PA), systemic
velocity (vsys), as well as the right ascension and dec-
lination offsets (x0, y0) for the center of rotation. We
fix the inner and outer radius of the disk to 0.3 and
250 au, respectively. For a given set of parameters we
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Figure 3. Comparison between the intensity-weighted velocity field around HD 143006 (right), the best-fit model for a Keplerian
razor-thin disk (middle), and the residual velocity field map obtained from subtracting the best-fit from the observations (left).
The global PA of the disk, as constrained by the best-fit model to be 167◦, is indicated by dashed lines.
generate a velocity map that is convolved with the beam
of our CO observations, which we then compare to the
intensity-weighted velocity of CO (right panel of Fig-
ure 2) pixel by pixel. We perform our fit using an affine
invariant MCMC sampler (emcee, Foreman-Mackey et
al. 2013), and sample the parameters with uniform pri-
ors in the following range: i between [0◦, 90◦], PA be-
tween [0◦, 360◦], vsys between [5 km s−1, 10 km s−1],
and x0, y0 between [-0.2
′′, 0.2′′]. The parameter space is
explored with 80 walkers and for 4000 steps. From the
last 2000 steps we compute the best-fit values, which
correspond to the 50th percentile of the samples in the
marginalized distributions, while the error bars corre-
spond to the 16th and 84th percentiles. The best-fit
parameters can be found on Table 1, while Figure 3
presents the velocity field of the observations, best-fit
model, and residual (computed by subtracting the model
from the observations). Although the best-fit model re-
produces the velocity field of the outer disk, inwards of
∼ 0.15′′ there are significant residuals that suggest gas
moving at higher speeds than those in the model.
Note that if we separately fit the inner and outer disk
kinematics, by masking the velocity field in Figure 3 in-
side and outside of 0.15′′ (which corresponds to the mip-
point separation between B8 and B40), we find two dif-
ferent disk geometries. First, a fit for the geometry of the
outer disk while excluding the inner disk (i.e. masking
those pixels inside of 0.15′′), results in a PA consistent
with the global fit in Table 1 but a slightly more face-on
outer disk with an inclination of 14.59◦ ± 0.02◦. On the
other hand, when we only fit for the disk kinematics in-
side of 0.15′′ (i.e. masking those pixels outside of 0.15′′),
we find i = 22.84◦±0.05◦ and PA = 165.6◦±0.1◦ for the
inner disk. Thus, we constrain a difference between the
inner and outer disk geometry, in particular, the inclina-
Table 1. Best-fit model to the intensity-weighted velocity
field around HD 143006
Parameter Best-fit value
x0 (mas) −6± 3
y0 (mas) 29± 2
i (◦) 16.2◦ ± 0.3◦
PA (◦) 167◦ ± 1◦
vsys km s
−1 7.71± 0.02
tion of the disk changes from the inner to the outer disk
(see Figure 8 on the Appendix, for the best-fit model
and residuals when the inner or outer disk are masked).
3.4. Modeling of continuum emission
To constrain the observed substructure in this disk,
we generate simple morphological models that describe
the emission for the observed rings and the south-east
arc. These models are constructed by combining the
emission of three radially-Gaussian rings (that describe
the B8, B40 and B64 features) and a two-dimensional
Gaussian, in both the radial and azimuthal direction
(that describes the outermost arc feature).
For every ring, its intensity is given by:
I(r) = IR e
−(r−rR)2/2σ2R , (1)
where IR is the peak intensity at radius rR, σR is the
ring width, and the ring is assumed to be symmetric
along the azimuthal direction. For the asymmetric arc
feature, its intensity is given by:
I(r, θ) = IA e
−(r−rA)2/2σ2r,A e−(θ−θA)
2/2σ2θ,A , (2)
where IA is the peak intensity at radius rA and az-
imuthal location θA, and σr,A, σθ,A are the width of
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Table 2. Best-fit model to the dust continuum emission in HD 143006
Disk Geometry Inner Disk Outer Disk
i (◦) 24.1± 1.0 17.02± 0.14
PA (◦) 164.3± 2.4 176.2± 0.6
x0 (mas) −4.4± 0.2 −1.0± 0.2
y0 (mas) 23.1± 0.2 28.9± 0.2
Ring or Arc Parameters B8 B40 B64 Arc
IR or IA (µJy) 1.54± 0.02 0.64± 0.01 0.410± 0.001 1.09± 0.01
rR or rA (au) 7.67± 0.04 39.95± 0.03 63.6± 0.1 74.2± 0.1
σR or σr,A (au) 2.54± 0.04 4.2± 0.1 9.4± 0.1 4.6± 0.1
σθ,A (au) - - - 21.1± 0.1
θA (
◦) - - - 141.4± 0.1
the 2D-Gaussian in the radial and azimuthal direction,
respectively. The model adopted for the arc corresponds
to the distribution of material in a steady-state vortex
(Lyra & Lin 2013).
Additional parameters of importance are any offset
(x0, y0) that the rings may have from the phase center
of the observations defined in §2, and the inclination (i)
of each feature along a particular position angle (PA) on
the sky. Given the evidence for a misalignment between
the inner disk and outer disk presented in Benisty et al.
(2018), as well as the evidence from modeling its veloc-
ity field (§3.3), we assume that the features found in the
outer disk (i.e. B40, B64, and the arc) share the same
center, inclination, and PA, while the innermost ring
(B8) may have a different geometry due to the misalign-
ment (i.e. different center, inclination, and PA). This re-
sults in a total of 22 free parameters that are constrained
with over 34 million visibilities. For a given set of pa-
rameters we produce a model image of the disk that is
Fourier-transformed and sampled at the same locations
in the uv-plane as the observed visibilities; for this we
use the publicly available code Galario (Tazzari et al.
2018). To sample the PDF of our model parameters,
we use the MCMC sampler emcee (Foreman-Mackey et
al. 2013) with 120 walkers that we ran for 25000 steps.
Convergence was checked by measuring the autocorre-
lation time, which was under 3000 iterations. For each
parameter we compute the posterior PDF by marginal-
izing over all but the parameter of interest over the last
15000 steps.
The best-fit values of the continuum emission model,
chosen as the 50th percentile of the PDF, as well as the
1-σ uncertainty of each parameter from the 16th and
84th percentile of the PDF, are shown in Table 2. From
the best-fit we construct model visibilities (sampled at
the same locations in uv-space as the observed visibili-
ties) and we compute residual visibilities by subtracting
the model visibilities from the observations. Images of
the best-fit model and residual, obtained with the same
imaging parameters as the observations (see §2), are pre-
sented in Figure 4.
The morphological models employed here can repro-
duce the observed emission reasonably well, as can be
seen in the residual map of Figure 4 where leftover
emission is minimal and the largest residual is at ±9σ.
Huang et al. (2018a) find the rings locations directly on
the image, resulting in differences of only 2-3% for the
outermost, well-resolved, rings and a 30% difference in
the radial location of B8, which due to its small angular
size will have much less independent measurements on
the image. The radial width of the rings increases as a
function of distance from the star: our model constrains
radial extents of 6, 10, and 22 au (in FWHM) for B8,
B40, and B64. When fitting width of each ring directly
on the image, Dullemond et al. (2018) find a similar
but narrower ring widths for B40 and B64, 7% and 30%
narrower, respectively.
As the rings are not completely symmetric in the az-
imuthal direction, for both B40 and B64 the radially-
Gaussian rings cannot reproduce the excess of emission
seen in the South of each ring. For the south-east arc,
our model constrains a narrow extent in the radial direc-
tion with a factor of ∼ 4 wider extent in the azimuthal
direction, similar to that observed in other disks with
arcs observed at lower angular resolution (e.g. Pe´rez et
al. 2014). There are significant residuals at the arc loca-
tion, in particular, the 2D-Gaussian prescription cannot
properly describe the multiple peaks observed along the
arc (Fig. 1, panel (b)), which appear also in the residual
map at the ∼ 6− 9σ level.
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Figure 4. Comparison between the 1.25 mm observations from HD 143006 (left) with the image from the best-fit rings+arc
morphological model (middle) and the residual map from subtracting the best-fit model from the observations (right). The
location and geometry of the features, as constrained by the best-fit model, are indicated by dashed lines for B8, B40, and B64,
and a dotted line for the arc. Ellipses on the bottom-left corner of each panel indicate the beam size, contours on the residual
map start at 3σ and are spaced by ±3σ, where σ is the RMS noise of the dust continuum image.
4. DISCUSSION
4.1. Substructures in the ALMA images
The distribution of larger solids, as traced by the
ALMA dust continuum observations, reveals a wealth
of substructure in the HD 143006 disk (§3.4), while the
distribution of CO emission exhibits little substructure
(only in the innermost disk regions, §3.3). This dif-
ference may arise from the fact that the 1.25 mm dust
emission is optically thin throughout the disk (Huang et
al. 2018a), while the observed CO emission is optically
thick and traces the surface layers of the disk.
Bright rings and dark annuli. For the dark annuli
D22 and D51, there is not a corresponding decrement
of CO emission in either the channel maps (Figure 5.9
Andrews et al. 2018) or the integrated CO emission map
(Figure 2, right panel). Assuming that the dust deple-
tion observed in the outermost dark annulus originates
from dynamical clearing by objects embedded in the
disk, Zhang et al. (2018) infer masses of ∼ 10− 20MJup
and ∼ 0.2 − 0.3MJup, for planets inside D22 and D51,
respectively.
On the other hand, there is a decrement of both CO
and dust emission inside B8. In particular, CO emission
does not appear to be centrally-peaked, either on the
integrated emission map (moment 0 map, left panel of
Figure 2) or in the peak emission map (moment 8 map,
right panel of Figure 5). Although both these maps are
susceptible to beam dilution effects (Weaver et al. 2018),
which may cause an “false” inner cavity in the gas, the
lack of CO emission inside B8 is also observed in the
channel maps away from the systemic velocity (see ap-
pendix Figure 7, and Figure 5.9 in Andrews et al. 2018),
meaning that there is some depletion of the CO column
density inside of ∼15 au (∼ 90 mas). We note that the
lack of gas emission inside B8 cannot be explained by
absorption from optically thick dust in the inner disk,
since we also observe a dust emission deficit inside B8
and the emission from dust is optically thin throughout
(Huang et al. 2018a). Most likely, the depletion of CO
inside B8 is quite large, for example, in transition disk
cavities with centrally-peaked CO emission, the deple-
tion has been measured to be more than an order of
magnitude (van der Marel et al. 2015), and in the case
of HD 143006 we do not observe a centrally peaked CO.
A possible origin for the depleted inner disk is photoe-
vaporation, however, the star is accreting at a moderate
rate (2×10−8M yr−1, Rigliaco et al. 2015) and the near
infrared excess points to a dust-rich inner disk, making
this possibility less likely. A perturber inside B8 could
deplete both gas and dust, and even misalign the inner
disk, a possibility that will be discussed in §4.3.
Bright arc in the south-east. Vortices are regions
of higher gas pressure that can very efficiently trap solids
(e.g., Barge & Sommeria 1995; Klahr & Henning 1997;
Baruteau & Zhu 2016). We model the arc emission with
a prescription for the distribution of dust in a vortex that
has reached steady-state (Lyra & Lin 2013), and which
should be smooth in the radial and azimuthal direction.
However, the prominent arc in the 1.25 mm continuum
images has further substructure: three separate peaks
that are unresolved in the radial direction (see residual
map in Figure 4), with a separation of ∼ 10 au from
the central peak. During their lifetime, vortices may
never reach a stable equilibrium. For example, simu-
lations have shown that when the back-reaction of the
dust onto the gas is taken into account, vortices may
trap particles not in a single but in multiple structures,
and it is this dust feedback that would eventually lead to
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Figure 5. Comparison between the ALMA continuum emission (left), the SPHERE polarized intensity J-band observations
(middle) and the 12CO peak emission map (right, also known as moment 8 map). The thin dashed lines go along and perpen-
dicular to the PA of the outer disk, while the location and geometry of the features, as constrained by the best-fit model, are
indicated by dashed lines for B8, B40, and B64, and a dotted line for the arc. Contours are drawn at 25, 50, 75, and 95% of the
peak value of the SPHERE image on the middle panel. Ellipses on the bottom-left corner indicate the beam size for the ALMA
observations.
the destruction of the vortex (see, e.g., Fu et al. 2014).
Thus, it is not surprising that the observed arc has in-
ternal substructure.
The radial and azimuthal extent of the arc constrained
by our model is about 5 by 21 au. From the mid-
plane temperature profile (Tmid) assumed in Huang
et al. (2018a), we estimate that at the vortex loca-
tion (∼ 74 au), the pressure scale height corresponds
to Hp ∼ 5 au (assuming a local sound speed of cs =
(kBTmid/µmp)
0.5, and µ = 2.3). Thus, the vortex is ra-
dially as wide as HP and it extends azimuthally over a
few pressure scale heights, still consistent with the vor-
tex scenario. In particular, the ∼ 21 au azimuthal extent
is consistent with that of vortices formed at the edge of
a gap/cavity, as it has a much smaller width than the
pi-wide vortices expected due to instabilities at the dead
zone (Rega´ly et al. 2017). However, the arc is outside
of the millimeter dust disk, rather than at the edge of a
dark annulus, and it is radially separated from B64 by
∼ 10 au. Such a configuration is similar to that of the
disk in HD 135344B, which resolves into a narrow ring
with an asymmetric arc outside of the ring (Cazzoletti et
al. 2018). Simulations by Lobo Gomes et al. (2015) show
that after a vortex forms at the edge of a planet-induced
gap, the surface density can be enhanced further out in
the disk than at the initial vortex location. Such density
enhancement triggers again the Rossby wave instability
and a second generation vortex may form beyond the
primary, leaving only the outermost vortex once the first
one is damped. Thus, a second-generation vortex may
explain the location of the observed arc in the outer disk
of HD 143006.
We note that the vortex-like structure is not asso-
ciated to spiral arms in scattered light (Benisty et al.
2018), unlike the well-studied cases of MWC 758 (Dong
et al. 2018), HD 142527 (Avenhaus et al. 2014) and
HD 135344B (Stolker et al. 2016), which in addition are
classified as transition disks from their spectral energy
distribution and whose central stars are Herbig ABe ob-
jects.
4.2. Substructures seen in scattered light
Figure 5 presents our continuum image (left), the po-
larized scattered light coronagraphic image of HD 143006
obtained with VLT/SPHERE1 (middle), and the peak
intensity of the CO line at each velocity, also known as
moment 8 map (right). The scattered light image is a
good tracer of small micron-sized dust grains located
in tenuous disk surface layers, while the ALMA contin-
uum image traces the millimeter-sized dust grains at the
midplane. The peak intensity of the (optically thick)
gas emission from CO (moment 8 image) also traces the
upper disk layers.
Each pixel of the scattered-light image (middle panel,
Figure 5) was scaled by r2, where r is the distance to
the central star, to compensate for the drop off in stel-
lar illumination and allow a better detection of faint
1 We note that the SPHERE infrared (1.2µm) image has a
resolution of 37×37 mas, comparable to the spatial resolution of
the ALMA observations (Benisty et al. 2018).
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outer disk features. In this image, a broad shadow in
the West, covering half of the disk, is present. In ad-
dition, the SPHERE image shows from inside out: a
gap/cavity beyond the coronagraph radius (∼80 mas,
13 au), a non-symmetric ring with two narrow shadow
lanes aligned along the North-South direction, a gap
not completely devoid of emission, and a non-symmetric
outer disk. Both the outer disk and the inner ring
present an over-brightness along a small range of po-
sition angles (PA∼100-170◦, see contours in Figure 5).
4.2.1. Comparison with CO emission
As the CO line is optically thick, its intensity probes
the temperature of the emitting gas, which, in turn, de-
pends on the amount of starlight received at the disk
surface. In scattered light, the outer part of the disk
is not detected in the West, indicating a drop of irra-
diation. To first approximation, the temperature of the
CO emitting layer should scale as the received luminos-
ity to the 1/4 power, thus, we should also expect an
East-West brightness asymmetry in the peak intensity
CO map (left panel, Figure 5). We measure a East-West
contrast in the CO peak intensity map of roughly ∼ 1.2.
The difference between the level of asymmetry in the
scattered-light image and in the moment 8 map is likely
related to the different depths of the τ ∼1 layers in the
two tracers. We note however that no substructure in
the CO channel maps or moment maps is found to co-
incide with the narrow shadow lanes in the inner ring of
the scattered light image.
The absence of an over-brightness in the CO peak in-
tensity map at the location of the millimeter arc suggests
that the over-brightness observed in scattered light does
not only originate from an effect of a stronger irradia-
tion. And since the continuum emission in the arc is not
optically thick (τ ∼ 0.4 at the peak) this is unlikely an
issue of continuum subtraction of optically thick emis-
sion on the CO line. As the inner disk is not probed
by the SPHERE data, we cannot further compare the
observed depletion of the CO column density inside of
∼15 au (∼ 90 mas) discussed in §4.1. Interestingly, the
“kink” seen in the channel maps (§3.2, also see Figure 7
in the appendix) roughly coincides in radius and az-
imuthal extent with the over-brightness seen in scattered
light along the inner ring.
4.2.2. Comparison with dust continuum
The comparison between the ALMA continuum and
the SPHERE scattered light images indicates striking
differences. Apart from the bright prominent arc in the
outer disk, none of the features appear co-radial and
none of the azimuthal asymmetries seen in scattered
light have counterparts in the continuum image. Such
differences are expected, as the two images trace dis-
tinct layers of the disk and different dust particles. The
scattered light image shows the regions of the disk that
are directly lit by the star and its appearance strongly
depends on the shape of the disk surface, while the
1.25 mm continuum image shows the midplane features,
whose brightness depend on the dust density, tempera-
ture, and opacity. An schematic of the features observed
in the HD 143006 disk is presented in Figure 6 and will
be discussed here.
Radial distribution. While B8 is masked by the
SPHERE coronagraph, the inner ring in scattered light
appears located inside B40 (see middle panel of Fig-
ure 5), indicating that micron-sized grains are extend-
ing further in than the mm-sized grains. Such a spa-
tial segregation by particle size is a natural outcome of
dust trapping by a massive planet (Rice et al. 2006; Zhu
et al. 2012; de Juan Ovelar et al. 2013; Pinilla et al.
2015) and has already been observed in transition disks
(e.g., Garufi et al. 2013). If the inner scattered-light ring
traces the edge of the gap, it would be directly illumi-
nated by the star and “puff-up”. We propose that B40
lies in its shadow, which is supported by a darker region
seen just beyond the scattered-light inner ring (on the
East side of the disk), and that the outer disk re-emerges
from the shadow at a larger distance from the star (e.g.,
Dullemond & Dominik 2004; Isella & Turner 2018).
We note that a projected radial offset between the fea-
tures seen in scattered light and in the millimeter could
be expected due to the disk inclination and position an-
gle, the opening angle of the scattering surface, and the
vertical structure of the ring (Dong et al. 2018). How-
ever, such an effect is considerable only for high disk
inclinations. In that case, on the near side of the disk
the scattered-light ring should appear inside B40, while
on the far side, it should appear outside of it. That is
not what we observe: the inner scattered-light ring is
inside B40 at all position angles at which it is detected.
It is possible that a companion between B8 and B40
is shaping the disk, leading to the observed radial seg-
regation and to a dust-depleted gap in both tracers of
small and large dust grains. In this paper series, Zhang
et al. (2018) constrain a planet mass of ∼ 10− 20MJup
based solely on the deep gap observed in ALMA images
between B8 and B40. Such a high mass companion is
consistent with the hydrodynamic simulations coupled
with dust evolution from de Juan Ovelar et al. (2013),
which require a planet more massive than 9MJup to be
responsible for the observed radial segregation by par-
ticle size. Although we find a strong depletion in small
grains that are well coupled to the gas, we do not detect
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clear depletion in CO emission between B8 and B40,
suggesting that dust grains are filtered and that gas can
still flow through the gap, similar to what is often seen
in transition disks (Pinilla et al. 2015).
Azimuthal asymmetries. The large East/West
shadow (and the additional two narrow shadow lanes)
observed in the SPHERE image can be explained by a
moderate misalignment of ∼20-30◦ between the inner
and outer disk (Benisty et al. 2018, see also schematics
in Figure 6). As shown in the residual map of Figure 4,
B40 and B64 are symmetric, and we find no evidence for
a counterpart of the East/West shadow in the contin-
uum observations that would indicate inhomogeneities
in the dust temperature. This supports the finding of
Huang et al. (2018a), where the rings in HD 143006 are
optically thin. Indeed, a configuration in which the inner
and outer disks are moderately misaligned (see Figure 6)
would lead to e.g. the West side of the disk in the shadow
while the East side is irradiated, for the front side of the
disk that is facing us. On the backward-facing side of
the disk (not seen by the observer) the opposite hap-
pens: the East side is in the shadow while the West is
irradiated. If the disk is vertically optically thin, and the
continuum emission traces the full vertical extent of the
disk, the asymmetry will cancel out between the two
sides, and the continuum emission would appear sym-
metric. We note however the presence of residuals (up
to 7σ) in the south (PA∼180◦) at the location where the
East/West shadow starts. As in the CO data, there is
no evidence for counterparts to the narrow shadow lanes
in the continuum observations, unlike what is observed
in two transition disks so far (DoAr 44, J1604; Casassus
et al. 2018; Pinilla et al. 2018).
The bright arc in the ALMA image coincides with the
over-brightness seen in the outer disk of the SPHERE
image (see contours in Figure 5 and diagram in Fig-
ure 6). If the arc traces an over-density in large grains,
we also expect an enhancement of small particles due to
fragmentation, and if turbulent mixing over the vertical
height of the disk allows it, a small-particle enhancement
should be seen from the surface layers as well. Addition-
ally, the small grains seem to extend further, and over
a wider range of position angles, than the larger parti-
cles, which is one of the predictions of dust trapping in
a vortex (Baruteau & Zhu 2016). Future observations
at shorter/longer ALMA wavelengths can test this idea
by measuring the spread/concentration of particles over
the arc location.
The inner ring from the scattered-light image shows
a strong over-brightness that has no counterpart in the
ALMA continuum image (see contours inside B40 in Fig-
ure 5), and that is likely due to an irradiation effect and
local change in scale height. Interestingly, it lies over a
range of position angles similar to the one over which the
arc extends in the ALMA continuum image. If the line-
up is not coincidental, it must be related to a radiative
effect as any physical structure at such different radii
would shear away the alignment quickly due to different
angular rotation velocities. However, it is possible that
the over-brightness along the first scattered-light ring
further extends to the West (in the shadowed region),
and that it covers a much broader range of position an-
gles. In that case, the line-up could be coincidental.
In general, such differences likely mean that the small
grains in the surface layers are only marginally affected
by dynamical processes (while large grains in the mid-
plane are), but are instead very much affected by irra-
diation processes.
4.3. A misalignment between inner and outer disk
Our continuum emission modeling indicates that the
inner and outer disk do not share the same geometry,
which is expected based on the shadows observed in the
SPHERE image (Benisty et al. 2018). The inner disk
appears inclined by 24◦ with a PA of 164◦, while the
outer disk has a lower inclination of 17◦ with a PA of
176◦, this difference in geometry is of high statistical
significance (see Table 2). Based on these values, we
can estimate the misalignment angle between the inner
and outer disks, defined as the angle between the normal
vectors to the disks. Assuming the values above, we find
a small misalignment of 8◦. However, this assumes that
the inner and outer disks share the same near side of the
disk (the side closer to us), which cannot be determined
with the continuum data alone. If instead, the near sides
do not coincide (e.g., the near side of the outer disk is in
the East, while the near side of the inner disk is in the
West), the misalignment would be much larger, of 41◦
(computed using i = −24◦ for the inner disk, the rest of
the parameters being the same as above). In this case,
once projected onto the plane of the sky, the inner disk
rotation would appear as counter-rotating with respect
to the outer disk. This is not something seen in the CO
data (at an angular resolution of 66×49 mas, ∼ 9au), in
particular at the highest velocities. Nevertheless, the fit
of the intensity-weighted velocity map with a Keplerian
disk model shows residuals inside 0.15′′, supporting a
different geometry than the one of the outer disk.
The location of the shadows seen in scattered light
depend on the inner and outer disk geometry, and on
the height of the scattering surface (zscat) of the disk
where the shadows are seen. Using the equations devel-
oped in Min et al. (2017), we find a zscat/R of ∼0.03
and ∼0.16 at ∼18 au (the location of the inner scattered
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Figure 6. Schematics of the HD 143006 disk, comparing features traced by ALMA (detected rings/arc in color blue) and
scattered-light SPHERE observations (illuminated surface in orange). The innermost ring detected by ALMA (namely B8) has
an inner cavity and it is misaligned with respect to the outer disk, explaining the asymmetric illumination observed on the
scattered-light images by Benisty et al. (2018), where one side of the disk is directly illuminated (top-left and bottom-right
surface of the disk in the figure) while the other side is partially illuminated (inner top-right and bottom-left surface). A gap in
scattered-light emission is observed inwards of B40, while between B8 and B40 there is little millimeter emission observed. This
is indicative of both small and large grains depletion the inner and outer disks. Two over-brightness are seen in scattered-light,
which line-up azimuthally with the arc seen at ALMA wavelengths. The outermost over-brightness appears radially collocated
with the arc while the innermost feature has no counterpart in the ALMA continuum image.
light ring), for misalignment angles of 7◦ and 41◦, re-
spectively. Since the pressure scale height of the disk,
Hp, should be smaller than the scattering surface (by
a factor of ∼2-4), we expect Hp/R < 0.015 and <0.08
at ∼18 au, for misalignment angles of 7◦ and 41◦, re-
spectively. From the standard temperature profile as-
sumed in Huang et al. (2018a), we estimate that at 18 au
Hp/R ∼ 0.04. Given the small Hp/R expected for a 7◦
misalignment and the larger value of the pressure scale
height as estimated above from standard assumptions,
we favor the larger misalignment value of 41◦.
The overall morphology of the shadows in the scat-
tered light image were reproduced by a circumbinary
disk that is broken and misaligned by ∼30◦ (Benisty
et al. 2018), due to an inclined equal-mass binary (see
the hydrodynamical simulations by Facchini et al. 2018).
We note however, that the value of the misalignment
needed to reproduce the scattered light image is model-
dependent, and depends on the exact geometry of the
inner disk as well as on the shape of the outer disk rim
considered in the model.
The presence of an equal mass binary companion, as
well as of any companion with a mass ratio larger than
q=0.2 (corresponding to 0.3 M), can be ruled out as
it would have been detected by imaging and interfero-
metric surveys (Kraus et al. 2008; Benisty et al. 2018).
However, an inclined low-mass stellar companion, as the
one detected in the wide gap of HD 142527 (with a mass
∼0.13 M), could be responsible for the misalignment
(Price et al. 2018), and secular precession resonances
can result in large misalignments for companions with
mass ratio of 0.01-0.1 (Owen, & Lai 2017). A massive
planet could in principle also lead to a misaligned in-
ner disk as long as its angular momentum is larger than
that of the inner disk (e.g. Xiang-Gruess & Papaloizou
2013; Bitsch et al. 2013; Matsakos & Ko¨nigl 2017), i.e.,
in cases where the inner disk is depleted.
In any case, it is not clear whether the putative com-
panion responsible for the misalignment in HD 143006
should be located in the gap between B8 and B40, or be-
tween B8 and the dust sublimation edge. The spectral
energy distribution indicates the presence of hot dust
close to the sublimation radius, which was spatially re-
solved by near-infrared interferometry (Lazareff et al.
2017), suggestive of the presence of (at least) another
ring of small dust in the innermost au where mm-sized
grains are depleted.
5. CONCLUSIONS
From the DSHARP ALMA observations of the
HD 143006 protoplanetary disk that reach ∼ 7au in
spatial resolution, and its comparison with existing
scattered-light observations at similar spatial resolu-
tion, we conclude the following:
• In terms of substructure, the dust continuum emis-
sion from HD 143006 reveals three bright rings,
two dark gaps, and an arc at the edge of the dusty
disk. The CO observations at similar angular res-
12 Pe´rez et al.
olution exhibit a depletion of gas emission in the
inner disk with no significant features, except for
a deviation or “kink” from the Keplerian rotation
pattern over a few red-shifted channels close to the
systemic velocity.
• From different tracers of the disk structure we
find further evidence for a misalignment between
the inner and outer disk: a fit to the disk Keple-
rian velocities with a global/single disk geometry
does not account well for the inner disk kinemat-
ics, while modeling of dust continuum emission
results in a more inclined inner disk (as traced
by B8) than the outer disk (as traced by B40,
B64, and the south-east arc). These findings are
in agreement with existing VLT/SPHERE images
that suggest a disk misalignment from the pres-
ence of shadows.
• The prominent south-east arc in the ALMA
1.25 mm image resolves into three peaks along
its azimuthal extent. The counterpart to this
arc in the scattered-light image shows a broader
radial and azimuthal extent, indicative of segre-
gation by particle size as would be expected for
a dust-trapping vortex at this location. Future
observations at longer wavelengths should be able
to test this scenario.
• The bright rings have increasingly larger radial
widths with increasing distance from the star. We
find evidence for radial segregation by particle size
at the outer edge of the gap between B8 and B40,
and a strong depletion of small and large grains in
the gap. These are consistent with a companion
carving the gap. However, no dark annulus is ob-
served in CO emission at this radius, suggesting
that dust grains are filtered but gas can still flow
through the gap.
Future observations at longer millimeter wavelengths
will allow us to determine if there is efficient trapping
of dust at the substructures location, if these are due to
localized pressure maxima, and in particular to under-
stand if the arc traces a vortex. Observing gas tracers at
high spectral resolution will also be fundamental to elu-
cidate the absolute misalignment of the inner disk and
to determine the velocity structure at the arc location.
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APPENDIX
A. ADDITIONAL FIGURES
Here we present additional supporting figures. First, a zoom-in to the channel maps near the systemic velocity that
show a “kink” on the red-shifted channels (bottom panels of Figure 7) that is not present on the blue-shifted channels
(top panels of Figure 7). Second, Figure 8 shows how the Keplerian velocity fit differs when the intensity-weighted
velocity field map has been masked inside 0.15′′ (top panels, Figure 8) and masked outside of 0.15′′ (bottom panels,
Figure 8).
5.96 6.28 6.6 6.92 7.24 7.56
9.48 9.16 8.84 8.52 8.2 7.88
Figure 7. Zoom-in to the channel maps near the systemic velocity of HD 143006, with blue-shifted and red-shifted channels on
the top and bottom, respectively. Note that the red-shifted channel ordering has been flipped (velocity increasing towards the
left) to aid the comparison with its symmetric channels on the blue-shifted side of the line. The arrow marks the perturbation
or “kink” seen at similar PA as the bright over-density in scattered light. Notice also how different the emission is in the region
marked by the arrow compared to the symmetric channel on the top.
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